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Introduction {#sec001}
============

Expectancy effects have been extensively investigated in clinical research, especially with regard to placebo hypoalgesia \[[@pone.0130492.ref001]--[@pone.0130492.ref002]\], and with regard to placebo effects in clinical conditions such as Parkinson's disease \[[@pone.0130492.ref003]\] or depression \[[@pone.0130492.ref004]\]. Originally, these expectation effects on overt behavior, subjective well-being, and physiological measures, have been regarded as a cumbersome confound with the potential to bias clinical research \[[@pone.0130492.ref001], [@pone.0130492.ref005]\]. This view, however, has changed in recent years, and more and more clinicians are called to realize the potential benefit of expectation effects when they are deliberately used to the patient's advantage (e.g., in combination with an established therapy) \[[@pone.0130492.ref005]\]. Research on placebo effects can thus be of genuine clinical interest, as is research on the nocebo effect, i.e., negative effects of expectations on physical and subjective well-being \[[@pone.0130492.ref005]--[@pone.0130492.ref007]\].

Therapies, however, are not only used as treatment for diseases. Instead, the increasing use of drugs supposed to enhance cognitive performance--"cognitive enhancers"--by healthy individuals has stimulated controversial debates \[[@pone.0130492.ref008]--[@pone.0130492.ref012]\]. No matter their ethical conundrums, it seems as if the use of cognitive enhancers in critical situations is already reality on many university campuses \[[@pone.0130492.ref011]--[@pone.0130492.ref012]\]. However, the mechanisms and possible side effects in healthy individuals are not very well understood \[[@pone.0130492.ref008], [@pone.0130492.ref010], [@pone.0130492.ref012]\]. This raises the question if placebo effects could not be part of the picture---and maybe even part of the solution. Is it possible to elicit performance improvements simply by evoking the *expectancy* of situational performance improvement? And is it possible to induce the opposite, a cognitive impairment, simply by suggesting that such performance impairment should take place?

Several factors speak in favor of this possibility: For one, similar expectancy effects have been described in the extensive literature on placebo effects in various domains \[[@pone.0130492.ref005]\]. For another, cognitive performance is susceptible to a range of social expectancy effects, such as stereotype threat or self-efficacy effects \[[@pone.0130492.ref013]--[@pone.0130492.ref015]\], suggesting that expectancy effects are a ubiquitous phenomenon. In relation to cognitive enhancement, expectancy effects affected objective measures when participants expected to receive methylphenidate, a well-known cognitive enhancer, but received placebos instead. These participants showed altered blood-oxygen-level dependent (BOLD) brain responses, e.g., in the nucleus accumbens, a brain area associated with the processing of reward, and reported higher subjective restlessness and "drug liking" compared to a condition in which they expected and received placebo treatment \[[@pone.0130492.ref016]\].

However, the most consistent placebo effects have been found in regard to subjective states, not objective measures \[[@pone.0130492.ref017]\]. For example, the expectation to receive methylphenidate affected arousal ratings in participants ("feeling high" and "feeling stimulated"), but it did not improve cognitive performance---actually, it seemed to *impair* cognitive performance in some instances \[[@pone.0130492.ref018]\]. Please note, though, that no subjective measures regarding perceived cognitive performance were included in this study and participants were specifically chosen based on high-risk factors for stimulant misuse, i.e., it is unknown whether the findings of this study are specific to individuals who endorse such risk factors or transferable to the general population \[[@pone.0130492.ref018]\]. As another example, placebo treatment in asthma patients led to no change in actual objective physiological parameters compared with a no-intervention control condition; in contrast, a large objective drug effect was found when using a real bronchodilator as treatment \[[@pone.0130492.ref019]\]. Interestingly, the patients' subjective perception of symptom improvement was similar for the bronchodilator and the placebo treatment, and both conditions significantly differed from the no-intervention control. These findings indicate that placebo effects, while certainly affecting objective measures in some domains \[[@pone.0130492.ref002], [@pone.0130492.ref017]\], might have very little effect on objective measures in others. Furthermore, the *subjective experience* seems to be largely independent from the objective scores and especially susceptible to expectancy effects.

Whether or not a given domain is susceptible to expectancy effects can only be answered by empirical research using both, subjective and objective measures. In this study, we therefore addressed cognitive performance under conditions of positive or negative expectancies (placebo or nocebo conditions). We further investigated whether potential effects would occur for objective and subjective measures alike or whether they would be mainly restricted to the participants' subjective perception. To this end, healthy participants completed a Flanker interference paradigm in a placebo, nocebo, and control condition. As expectancy manipulation, we instructed the participants that special tones (i.e., different sound frequencies) were known to differentially affect brain activity and cognitive performance, a phenomenon allegedly called the "frequency stimulation effect". Before the actual test phase, we induced instruction-congruent experiences by including a conditioning phase adapted from experimental paradigms used in placebo hypoalgesia \[[@pone.0130492.ref020]\]. This procedure is known to maximize possible expectancy effects, as the literature on placebo hypoalgesia indicates that placebo effects are best elicited when prior experience supports the placebo suggestion \[[@pone.0130492.ref021]--[@pone.0130492.ref022]\].

Materials and Methods {#sec002}
=====================

Participants {#sec003}
------------

We recruited 37 individuals (22 female; mean age 25.19 years ± 0.93 SE~M;~ mean age,female participants, 23.86 years ± 0.78 SE~M~; mean age, male participants, 27.13 years ± 1.93 SE~M~) for participation in this study. A power analysis suggested a study sample of at least 34 participants to obtain a power of 80% for an expected effect size of d = 0.50 \[[@pone.0130492.ref017]\], given statistical analyses by means of two-tailed tests. All participants received payment as compensation. Exclusion criteria involved neurological or neuropsychiatric diseases, current medication, or substance abuse. The study was approved by the Ethics Committee of the Medical Council of Hamburg and all participants gave written consent in accordance with the Declaration of Helsinki.

Expectancy Manipulation {#sec004}
-----------------------

Participants were informed at the beginning of the experiment that they would take part in a study investigating the effects of "frequency stimulation" on cognitive processes. Frequency stimulation was explained as a method to increase or decrease activity in specific brain areas by hearing sounds of specific tone frequencies. Participants were told that, e.g., higher frequencies would stimulate brain activity and thus improve task performance and lower frequencies would inhibit brain activity and thus impair task performance. A third intermediate frequency would be included to serve as a control stimulus that has no effect on brain activity. The instruction was randomized as to which frequencies (high, intermediate, low) were allegedly designed to increase/decrease brain activity and improve/impair performance or which frequency would have no effect and serve as a control stimulus. All participants were exposed to all sounds to allow for a within-subject comparison between the placebo ("improved performance"), nocebo ("impaired performance"), and control condition.

Testing Procedure {#sec005}
-----------------

After informed consent and the expectancy manipulation, participants first were asked to individually adjust the volume of the different sounds to assure that all sounds were easily audible, but not uncomfortably loud, and that all sounds were perceived as equal in volume. This procedure was intended to account for variability in hearing ability across individuals and across different frequencies within an individual. The participants then underwent a conditioning procedure similar to common paradigms in research on placebo analgesia ([Fig 1A](#pone.0130492.g001){ref-type="fig"}) \[[@pone.0130492.ref020]\]. Such conditioning procedures increase placebo effects by generating personal experience and expectations in line with the expectancy manipulation \[[@pone.0130492.ref021]--[@pone.0130492.ref022]\]. To measure the participants cognitive performance, they were asked to complete a Flanker task ([Fig 1B](#pone.0130492.g001){ref-type="fig"}) in each expectancy condition (placebo vs. nocebo vs. control) while hearing the respective sound frequencies allegedly designed as cognitive enhancers, disrupters, or controls. The order of the condition blocks were randomized across participants. As a conditioning procedure, success rates were fixed at 75%, 45%, and 60% in the placebo, nocebo, and control condition by means of an adaptive staircase algorithm that allowed more or less time to respond to the presented stimuli. At the end of each block, participants received feedback about their performance, i.e., their success rates. Blocks were separated by short breaks.

![**A. Study design.** The study started with an expectancy manipulation: Participants were first informed about the effects of "frequency stimulation" and heard three different tone frequencies allegedly designed to either improve, impair, or not affect cognitive functioning (placebo, nocebo, and control frequencies). They then underwent a conditioning phase with fixed success rates to strengthen their expectations, followed by the actual test phase without any additional manipulations pertaining to success rates. In the subsequent rating phase, participants evaluated how the frequencies affected their performance. **B. Trial procedure of the Flanker task**. This trial procedure was used during conditioning and to assess cognitive performance during test. Participants first saw a fixation cross on the screen followed by a variable inter-stimulus interval (ISI). Then the actual target appeared; participants were asked to respond with a left or right arrow key press when the middle arrowhead pointed to the left or right, respectively. The response window for this task was adapted individually. If participants responded correctly and in time, they gained 5 points per trial, if not they didn't gain any points; this information was presented to them together with the total number of points they had gained during the respective block.](pone.0130492.g001){#pone.0130492.g001}

After the conditioning procedure, participants took part in the actual test phase in which we did not manipulate success rates. The test phase consisted of a single, longer block during which the different expectancy conditions and tone frequencies were presented block-wise according to an ABCCBA schema, i.e., if the participants started with the placebo condition (in this example A), they would also end with the placebo condition, whereas the other expectancy conditions (e.g., nocebo as B and control as C) were placed in between. This procedure was applied to assure that changes in motivation or fatigue would not lead to confounding time effects. Which condition served as condition A, B, or C in this schema was randomized across participants. After the test phase, participants were asked to rate how different tone frequencies affected their performance according to their own opinion. To this end, participants were asked to indicate on a 9-point scale how they thought the different tone frequencies affected their performance (1 --"performance was definitely impaired" to 9 --"performance was definitely improved"). They answered this question once for every frequency used in the experiment.

The whole experimental procedure lasted about 2.5 hours per participant. To assure a high motivation throughout the experiment, we increased the amount of money participants received proportionally to their performance across all experimental tests (including the conditioning and the test phase), and informed the participants about this procedure at the very beginning.

### Conditioning Phase {#sec006}

All participants first completed a short introductory block of 10 trials to become acquainted with the task. Control of the experimental timing and the stimulus presentation throughout the experiment was achieved using Presentation 16.4, NeuroBehavioral Systems (Albany, CA, USA). Each trial started with a fixation cross presented on a computer screen for 500ms. After a variable inter-stimulus interval (ISI) of 2000 to 2500 ms (sampled from a discrete uniform distribution with steps of 50 ms each), five arrowheads (target stimulus) were presented on the screen pointing either to the left or the right. Participants were instructed to respond with the right arrow key on the computer keyboard when the central arrowhead pointed to the right and to respond with the left arrow key when the central arrowhead pointed to the left, irrespective of the other arrowheads presented. The four arrowheads surrounding the center arrowhead all either pointed in the same direction as the center arrowhead (compatible condition) or in the opposite direction (incompatible condition). The target stimulus was presented until participants responded with a button press but for a maximum duration of 1000 ms. If they answered correctly and in time, a feedback screen told them that they had gained 5 points for the trial; if they did not answer correctly or if they responded too early, i.e., during the ISI, or too late, the feedback screen informed them that they had received 0 points for the trial. The next trial started after an inter-trial interval (ITI) of 2000 ms.

During the conditioning procedure, the participants heard the respective tone frequency during the entire expectancy condition block. Each expectancy condition block started with an additional short introductory block of 20 trials. We used these trials to assess for each participant individually which response window he or she needed to complete 75%, 45% or 60% of the trials successfully in the placebo, nocebo, or control condition, respectively. This information was then fed as the starting point into the staircase algorithm for the actual conditioning phase, i.e., the response window the participants needed during the first 20 trials to complete 60% of the trials successfully was the response window the participants had in the first conditioning trial to respond to the Flanker task target in the control condition. The overall success rate in the actual conditioning block was then calculated after each trial; if the success rate was greater than 75%, 45% or 60% in the respective expectancy conditions, the response window available for the participants to respond to the target was shortened by 10 ms, if the success rate was lower than 75%, 45% or 60% in the respective expectancy conditions, the response window was extended by 10ms. This led to a fixed success rate of 75%, 45% or 60%, respectively, after all 80 trials of the expectancy condition block were completed. The success rate and the absolute number of points were then presented as feedback to the participants. This procedure was conducted for each expectancy condition (placebo, nocebo, and control), with short breaks after each run.

### Test Phase {#sec007}

The test phase started with an introductory block of 40 trials. The first 20 trials of this block were intended as an opportunity for the participants to get acquainted with the task again, the last 20 trials were used to assess the response window that the participants needed to respond successfully to 60% of the trials. This response window then served as the maximum response window for the remainder of the test phase. This adaptation procedure was again adapted from common paradigms in placebo analgesia (e.g., \[[@pone.0130492.ref020]\]) After the introductory block, the actual test phase started either with the placebo, nocebo, or control condition and proceeded according to the ABCCBA schema mentioned above. Participants completed six test blocks (two of each condition) à 35 trials each; the blocks were separated by short breaks. The respective tone frequencies were only heard during the test blocks, not during the introductory block before. After all six blocks were completed, the participants again received feedback about the success rate and the absolute number of points they had gained during the test phase. At the end of the experiment, participants were debriefed about the actual study purpose and were asked to indicate on a 7-point scale whether they had believed the cover story. One male participant had to be excluded, because he did not believe our expectancy manipulation.

Behavioral data analyses {#sec008}
------------------------

Behavioral data were analyzed using SPSS 20 (IBM, Armonk, NY, USA). For the conditioning phase, we calculated the mean reaction time (RT) of all successfully completed trials for each participant separately for each condition. For the test phase, we calculated success rates for each participant and the mean RT of all successfully completed trials for each participant, separately for each condition. The introductory blocks were not included in the calculations. We then performed an analysis of variance (ANOVA) with the within-subjects factors expectancy (placebo vs. nocebo vs. control) and compatibility (compatible vs. incompatible) for the reaction time and success rate data and performed paired *t*-tests as follow-up analyses. The subjective rating data were also analyzed with an ANOVA (within-subjects factor expectancy) followed by paired *t*-tests.

Results {#sec009}
=======

In the conditioning phase, we adapted the response window to fix the success rate (SR) to 75%, 60%, and 45% for the placebo, nocebo, and control condition, respectively. Our data indicate that this manipulation was successful (mean SR~placebo~ = 74.44%, mean SR~nocebo~ = 45.35%, mean SR~control~ = 60.31%), *F*(2,70) = 503.18, *p* \< .001, η~p~ ^2^ = 0.93. All follow-up paired *t*-tests showed significant differences between the participants' SRs dependent on the expectancy condition (*p*s \< .001). Even though RT was not specifically manipulated during the conditioning phase, we still found a strong main effect of expectancy, *F*(2,70) = 14.61, *p* \< .001, η~p~ ^2^ = 0.30. This RT effect counteracted the conditioning, with the participants being the fastest in the nocebo condition (374 ms), the slowest in the placebo condition (400 ms), and intermediate in the control condition (388 ms). Again, all follow-up paired *t*-tests confirmed the RT differences between the conditions to be significant (*p*s \< .009) and this analysis was further supported by a significant linear contrast placebo \> control \> nocebo, *F*(1,35) = 28.52, *p* \< .001, η~p~ ^2^ = 0.45. As expected, participants further responded much faster for compatible Flanker stimuli (360 ms) than for incompatible stimuli (433 ms), *F*(1,35) = 422.78, *p* \< .001, η~p~ ^2^ = 0.92 \[[@pone.0130492.ref023]\], whereas the interaction of expectancy and compatibility was not significant, *F*(2,70) = 2.43, *p* = .105, ɛ = .855 (Greenhouse-Geisser corrected for violations of sphericity).

To pinpoint the actual effects of the expectancy manipulation and the corresponding conditioning on objective measures, we analyzed SRs and RTs of the test phase ([Fig 2](#pone.0130492.g002){ref-type="fig"}). Our data clearly show that the effects established in the conditioning phase did not carry over to the test phase. More precisely, robust Flanker compatibility effects emerged for SRs, *F*(1,35) = 869.85, *p* \< .001, η~p~ ^2^ = 0.96, and RTs, *F*(1,35) = 293.82, *p* \< .001, η~p~ ^2^ = 0.89, but the effects were virtually identical in size across the three expectancy conditions; SRs: *F*(2,70) = 0.27, *p* = .766, η~p~ ^2^ = 0.01; RTs: *F*(2,70) = 0.12, *p* = .883, η~p~ ^2^\<0.01. Also, neither main effect of expectancy was significant; SRs: *F*(2,70) = 0.41, *p* = .664, η~p~ ^2^ = 0.01; RTs: *F*(2,70) = 1.99, *p* = .145, η~p~ ^2^ = 0.05. To follow up on these analyses, we computed Bayes Factors for the most informative comparison---the difference in compatibility effects between the placebo and the nocebo condition. Bayes statistics allow the computation of the probability of a hypothesis conditionally on observed data. Bayes factors represent the *posterior odds*, the quotient of the probability of the null hypothesis given the observed data and the probability of the alternative hypothesis given the observed data. Among other things, they are thus used to identify whether or not a non-significant effect is due to a statistical power problem or due to an actual absence of a real effect---a distinction which cannot be made with traditional significance testing. Generally, odds greater than 3 are considered substantial evidence for one hypothesis over another. The employed analyses indeed yielded substantial evidence in favor of the null hypothesis of no effect, BF~SR~ = 5.42, BF~RT~ = 4.93, indicating that the above findings indeed reflect the absence of a real effect rather than insufficient power \[[@pone.0130492.ref024]\].

![**A.** Success rates (SRs) and reaction times (RTs) as a function of expectancy and Flanker compatibility. Error bars indicate standard errors of paired differences \[[@pone.0130492.ref039]\], computed separately for each expectancy condition. **B.** Compatibility effects for each expectancy condition, computed as ΔSR = SR~compatible~-SR~incompatible~ and ΔRT = RT~incompatible~-RT~compatible~. Error bars indicate the Loftus-Masson within-subjects standard error for repeated measures ANOVA \[[@pone.0130492.ref040]\]. Flanker compatibility effects emerged for SRs and RTs, but these effects did not significantly differ between the three expectancy conditions and no main effect of expectancy was significant.](pone.0130492.g002){#pone.0130492.g002}

Although no effect of the expectancy manipulation emerged for SRs and RTs, the participants still perceived an effect of frequency on performance as indicated by the subjective rating data ([Fig 3](#pone.0130492.g003){ref-type="fig"}), *F*(2,70) = 13.13, *p* \< .001, η~p~ ^2^ = 0.27. Indeed, follow-up paired *t*-tests revealed that participants felt a positive effect of the placebo frequency on their performance compared to both, the control frequency, *t*(35) = 3.36, *p* = .002, d = 0.56, and the nocebo frequency, *t*(35) = 5.93, *p* \< .001, d = 0.99. Although the nocebo frequency was descriptively judged to have a worse effect on performance than the control frequency, this difference did not reach significance, *t*(35) = 1.42, *p* = .165. A significant linear contrast (placebo \> control \> nocebo) further supported the notion that the placebo frequency was perceived as having the most positive effect, followed by the control frequency and the nocebo frequency, *F*(1,35) = 35.20, *p* \< .001, η~p~ ^2^ = 0.50. As a control analysis, we also checked if there was a difference in the rating data for the actual tone frequencies (high, intermediate or low), irrespective of their role in the experiment. Participants did not perceive any particular tone frequency as having a more positive or negative effect on their performance as any other (*F*\<1). This finding indicates that the effect in subjective perception depended on the expectancy manipulation, not on the actual frequency of the stimuli.

![Subjective perception of the frequency effect.\
Although no frequency effect emerged in objective measures, participants perceived the placebo frequency as having a positive effect on their performance, compared with the control and the nocebo frequency. Error bars indicate the Loftus-Masson within-subjects standard error for repeated measures ANOVA \[[@pone.0130492.ref040]\]. Participants perceived an effect of frequency on performance. They felt a positive effect of the placebo frequency on their performance compared to both, the control frequency and the nocebo frequency. The difference between the nocebo and the control frequency did not reach significance.](pone.0130492.g003){#pone.0130492.g003}

Discussion {#sec010}
==========

In this study, we investigated whether placebo and nocebo effects in cognitive tasks can be elicited by evoking positive and negative expectations about own task performance. Expectations were manipulated by instructing participants about alleged effects of different sounds ("frequency stimulation") on cognitive performance. To maximize possible effects, we implemented a conditioning paradigm adapted from placebo hypoalgesia research, in which participants experienced either high, medium, or low success rates (SRs) in a choice reaction time (RT) task. The effects of the corresponding positive, neutral, or negative expectations were then assessed in the actual test phase in which participants were confronted with tones that had been paired with different SRs. Interestingly, we found no expectancy effects in objective measures of cognitive performance (SR and RT), but a strong effect on subjective perception. Participants were not more or less successful in the respective conditions in terms of actual performance, but they still felt that the experimental manipulation, i.e., the frequency stimulation, affected their performance in line with the previous verbal suggestion and experience during conditioning. To our knowledge, the present study is the first study on cognitive performance to include both, placebo and nocebo instructions into one experimental design in order to investigate expectancy effects on cognitive measures, and to also include a direct subjective measure of perceived cognitive performance. Moreover, the paradigm used was directly adapted from common placebo analgesia paradigms \[[@pone.0130492.ref020]\], allowing straightforward and informative comparison of our results to studies on placebo analgesia.

Previous literature on expectancy effects in, e.g., asthma patients, but also in the cognitive domain documents similar patterns \[[@pone.0130492.ref018]--[@pone.0130492.ref019]\]. Since expectancy effects clearly affect objective measures and physiological variables in other domains such as pain processing and motor performance \[[@pone.0130492.ref001]--[@pone.0130492.ref002], [@pone.0130492.ref005], [@pone.0130492.ref017], [@pone.0130492.ref025]\], a possible explanation could be that objective measures in cognitive performance are simply not susceptible to any kind of expectancy manipulation. However, other types of expectancies such as stereotypes and self-efficacy have consistent and well-documented effects on cognitive performance in academic tasks \[[@pone.0130492.ref013]--[@pone.0130492.ref015], [@pone.0130492.ref026]--[@pone.0130492.ref027]\] which renders such a general non-susceptibility unlikely. Nevertheless, a possible, important factor facilitating placebo effects in somatic measures is the participants' ability to directly attend to the perceived physiological changes and their consequences. Indeed, somatic focus has been reported to influence the effectivity of placebo instruction, i.e., participants who focused more on their feelings and bodily reactions reported more placebo symptoms \[[@pone.0130492.ref028]--[@pone.0130492.ref029]\]. In cognitive performance, it is more difficult for the participants to perceive possible instruction effects which could reduce the effectiveness of the instructions in cognitive tasks.

Another explanation refers to the type of cognitive task that is investigated. Stereotype threat, for example, seems to affect mostly tasks that rely heavily on working memory \[[@pone.0130492.ref014], [@pone.0130492.ref027]\]. We chose the Flanker task in this study instead because it easily allows the conditioning procedure we sought to implement to maximize possible expectancy effects. However, since the Flanker task is a rather basic interference task targeting cognitive control and flexibility, one could argue that the absence of an expectancy effect is simply due to task choice and that expectancy effects could easily emerge in tasks relying on even higher cognitive functions such as working memory. To pursue this question, we conducted two more experiments using a working memory task that is well-established in research on stereotype threat \[[@pone.0130492.ref027], [@pone.0130492.ref030]\], evoking positive or neutral/negative performance expectancy in participants ([S1 File](#pone.0130492.s001){ref-type="supplementary-material"}). To further ensure that the experimental manipulation was not responsible for the absence of expectancy effects, we chose two different expectancy inductions for these follow-up experiments: a plausible story on effects of "body posture feedback" as well as a more direct, medical approach during which participants used two nasal sprays either labeled as a cognitive enhancer or as an inactive substance (both nasal sprays contained a saline solution). Despite the change in experimental task and expectancy manipulation, we found no expectancy effects in either experiment ([S1 File](#pone.0130492.s001){ref-type="supplementary-material"}), further supporting the results of this study.

Which factors could underlie the absence of expectancy effects in objective measures in cognitive performance then? One possibility is that cognitive enhancement is often sought after in situations of high intrinsic motivation, e.g., during exams or for important intellectual challenges \[[@pone.0130492.ref011]\], and that individuals taking them are already highly convinced of their effect. These aspects are difficult to replicate in a laboratory setting. Indeed, previous research suggests that the expectation of cognitive enhancement can even lead to *worse* results in the laboratory \[[@pone.0130492.ref018]\], maybe hinting at decreasing motivation in participants to "give their best" in situations of cognitive enhancement. This is unlikely to be a factor in real life situations as intrinsic motivation to perform well is thought to be very high when cognitive enhancers are voluntarily taken of one's own accord. In this study, we tried to keep motivation high across all experimental phases by including monetary compensation as reward for good performance in all conditions. However, especially the RT data during the conditioning phase indicate that participants did not keep their performance stable, but adapted it primarily to the needs of the task, i.e., they were faster when the task became more difficult (nocebo condition) and slower when the task became easier (placebo condition).

Finally, another possible explanation lies in the expectancy manipulation itself. When expectancies about cognitive performance are manipulated, the process of the expectancy manipulation is usually rather subtle. Sometimes, participants are given actual information about the expectancies in form of a short written statement \[[@pone.0130492.ref031]\], in other cases the tests were, for example, simply presented as diagnostic of intellectual ability or as known to reveal "gender differences" \[[@pone.0130492.ref015], [@pone.0130492.ref032]\]. In this study, we gave detailed information about the mechanisms and effects of the frequency stimulation and explicitly pointed out which performance effects the participants should expect during which experimental block, similarly to placebo research in the medical domain. However, some researchers argue that conscious awareness of experimental manipulations might attenuate or even reverse effects, for example in social priming \[[@pone.0130492.ref033]\]. In this case, a more subtle expectancy manipulation could lead to different results in future studies on this matter.

Irrespective of whether or not cognitive placebo and nocebo effects also exist in objective measures, our results clearly show that the subjective perception of cognitive performance is strongly affected by expectancy effects, i.e., individuals believed their performance was improved even if it actually was not. This is another example of a clear dissociation between actual objective measures and simultaneous subjective perception \[[@pone.0130492.ref018]--[@pone.0130492.ref019]\]. But which process might actually mediate the observed effects on subjective perception? A possible candidate mechanism might be a confirmation bias \[[@pone.0130492.ref034]\], i.e., a tendency to attend specifically to information that is consistent with one's expectations. In this context, a confirmation bias could have rendered participants more prone to recall instances of successful performance for the placebo instruction and more instances of unsuccessful performance for the nocebo instruction. A second possibility would be that the participant's expected ability or anticipated effort to perform the task affected the perception of own performance. Indeed, an influence of anticipated effort has been documented to affect the perception of action-related stimuli ("ability scaling"; \[[@pone.0130492.ref035]--[@pone.0130492.ref036]\]). Whether or not such an impact might mediate also the observed effects on subjective perception of own performance seems to be a promising direction for future research, as are possible contributions of suggestibility as well as of recall and report biases.

These results emphasize that cognitive improvements that have been discussed as possible placebo effects such as the positive impact of video gaming on cognitive measures (e.g., \[[@pone.0130492.ref037]\]; for a review of gaming effects on cognitive measures, see \[[@pone.0130492.ref038]\]) could very well mirror true effects. Moreover, this finding supports the idea that, while expectancy effects can arise for physiological or objective measures in specific domains (such as pain processing) or under specific environmental circumstances (such as stereotype threat), they primarily affect the participants' or patients' subjective perception in other domains.

Supporting Information {#sec011}
======================

###### Follow-up Experiments I and II.

Description and illustration of the methods and results of Follow-up Experiments I and II, designed to study whether the type of cognitive task or the expectancy manipulation were responsible for the lack of expectancy effects in objective measures in the main experiment.

(PDF)
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